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Nozzle and method for washing gas turbine compressors. 

TECHNICAL FIELD 

5 This invention relates to washing of gas turbines and particularly to a nozzle for 

washing a gas turbine unit during operation. Further the invention relates to a method 
for washing of said gas turbine unit under operation. 

DESCRIPTION OF PRIOR ART 

10 

The invention relates to the general art of washing gas turbine equipped with axial 
compressors or radial compressors. Gas turbines comprise of a compressor for 
compressing air, a combustor for combusting fuel together with the compressed air 
and a turbine driving the compressor. The compressor comprises in turn multiple 
15 compression stages, where a compression stage comprises of a rotor disc and 
subsequent stator disc with vanes. 

Gas turbines in operation consumes large quantities of air. The air contains 
contaminants in form of small particles, called aerosols, that enters the compressor 

20 with the air stream. A majority of these particles will follow the air stream and exit the 
gas turbine with the exhaust. However, there are particles with the properties of 
sticking on to components in the engine's gas path. These particles build up a coating 
on the components, reducing the aerodynamic properties. The coating result, in an 
increase in the surface roughness which result in a decrease in the pressure gain as 

25 well as a reduction of the air flow that the compressor compresses. For the gas turbine 
unit it results in a decrease in efficiency, a reduced mass flow and a reduced pressure 
ratio. To reduce the contamination modern gas turbines are equipped with filters for 
filtering of the air to the compressor. These filters can only capture a portion of the 
particles. To maintain an economic operation of the gas turbine, it is found necessary 

30 to regularly clean the compressor gas path components to maintain the good 
aerodynamic properties. 
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Different methods for cleaning gas turbine compressors are previously known. To 
inject crushed nut shells into the air stream is shown to be practical. The disadvantage 
with the method is that nut shell material may find its way into the internal air system 
of the gas turbine with the consequence of clogging of channels and valves. Another 
5 method for cleaning is based on wetting of the compressor components with detergent. 
The detergent is injected with nozzles spraying it into the air stream of the compressor. 

Stationary gas turbines vary much in size. The largest gas turbines on the market have 
a rotor diameter in excess of two meters. This means that the air duct upstream of the 

10 compressor will thereby also have large geometries. For a gas turbine with a two meter 
diameter rotor may have more than two meter distance to the opposite duct wall. With 
these large geometries there may be difficulties in injecting washing fluid into the part 
of the duct with the core air stream. If the liquid follows the core air stream the surface 
of the rotor blades and stator vanes will essentially be wetted whereby a good wash will 

15 be obtained. If the liquid on the contrary will follow close to the duct wall, the liquid 
will in an unsatisfactory way wet the blades and vanes. Further, a portion of the liquid 
will be caught by the boundary layer air stream by the duct wall and will there form a 
liquid film which is transported into the compressor by the air stream. This liquid will 
not participate in washing of the compressor and can cause damage of, for example, 

20 the liquid fills the gap between the rotor tip and compressor casing. 

In contrary to large gas turbines with large geometries there are small gas turbines 
with moderate dimensions on the inlet air duct. For smaller gas turbines the spray can 
more easily penetrate in to the core air stream. Experience from actual wash 
25 installations on gas turbines show that the spray from conventional nozzles penetrated 
the air stream some tens of a centimetre. For most small and medium size gas 
turbines this is sufficient for satisfactory wetting of the rotor blades and stator vanes. 
One problem is that conventional nozzles can not penetrate the air stream of large gas 
turbines. 

30 

A preferred cleaning method is based on wetting the compressor components with a 
washing fluid. The fluid is injected through a nozzle that atomizes the liquid into a 
spray in the air stream entering the compressor. The washing fluid may consist of 
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water or a mixture of water and chemicals. During injection of the wash liquid the gas 
turbine rotor is cranked with its starter motor. This method is called "crank wash 1 ' or 
"off-line" wash and is characterized by that the gas turbine does not fire fuel during 
washing. The spray is created by the washing liquid being pumped through the nozzles 
5 which then atomizes the fluid. The nozzles are installed on the duct walls upstream of 
the compressor's inlet or on a frame temporarily installed in the duct. 

The method is characterized by the compressor components soaked with cleaning fluid 
where contamination is released by act of the chemicals together with mechanical 
10 forces from the rotation of the shaft. The method is considered efficient and fruitful. 

The rotor speed at crank wash is a fraction of the speed prevailing at normal operation. 
One important property with crank washing is that the rotor is rotating at low velocity 
whereby there is little risk for mechanical damage. While practising this method the 
gas turbine must be taken out of service which may cause production loss and costs. 

15 

Patent US-A-501 1540 discloses a method for wetting of compressor components while 
the gas turbine is in operation. This method is known as "on-line" washing and is 
characterized by fuel is being fired in the gas turbine combustor during washing. The 
method has in common with the crank wash method in that liquid is injected up 

20 stream of the compressor. This method is not as efficient as the crank wash method. 
The lower efficiency relates to poor washing mechanisms prevailing at high rotor 
speeds when the gas turbine is in operation. For example, a correct dose of liquid must 
be injected as a too high dose may cause mechanical damage to the compressor and a 
too low dose may cause poor wetting of the compressor components. Further, the 

25 droplets must be small else large droplets may cause erosion damage from the collision 
of the droplets with the rotor and stator blades. 

A gas turbine compressor is designed to compress the incoming air. In the rotor the 
rotor energy is transformed into kinetic energy by the rotor blade. In the subsequent 
30 stator vane the kinetic energy is transformed into a pressure rise by a velocity 
reduction. To enable the compression process high velocities are required. For 
example, it is common that the rotor tip of modern gas turbines exceeds the velocity of 
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sound. This means that the axial velocity in he compressor inlet is very high, typically 
0.3 - 0.6 Mach or 100 -200 m/s. 

According to state of the art technology, wash liquid is pumped at high pressure in a 
5 conduit to a nozzle on the duct wall upstream of the compressor inlet. In the nozzle the 
liquid reaches high velocity whereof atomization takes place and a spray of droplets are 
formed. The spray is caught by the air stream and the droplets carried with the air 
stream into the compressor. By the choice of nozzle design small or large droplets can 
be formed. Alternatively, a nozzle for small droplets can be used. With small droplets in 

10 this context means droplets with a diameter of less than 150 um. The disadvantage 

with small droplets is that have a small mass and thereby low inertia when leaving the 
nozzle. The droplets velocity is quickly reduced by the air resistance and the range is 
therefore limited. Alternatively can a nozzle for large droplets be selected. With large 
droplets in this context means droplets with a size greater than 150 um. Large droplets 

15 have the advantage of a high inertia when leaving the nozzle. The relationship between 
the droplet size and its mass is that the mass is proportional to the radius cubed. For 
example, a 200 um droplet is twice the size of a 100 um droplet but has eight times its 
mass. Through the greater mass follows a greater range compared to the smaller 
droplet. The disadvantage with the larger droplet is that when the droplets are caught 

20 by the air stream they also achieve high velocity towards the compressor. At impact 
with the blade surface large energies are transferred whereof there may be damage on 
the blade surface. The damages will appear as erosion damages. 

To achieve a good washing effect the spray must penetrate into the core of the air 
25 stream. A difficulty with the on-line wash method, e.g. as shown in US-A501 1540 is to 
get the liquid into the core of the air duct. As previously mentioned there are very high 
velocities in the air duct which drags the wash liquid before it has penetrated into the 
core of the air stream. Thereby, the droplets must be small as to avoid erosion damage. 
However, small droplets show a disadvantage in this respect. Small droplets has low 
30 inertia, as off its low mass, and quickly loose velocity when the atomization is 

completed. In contrary to large droplets which has a good ability to maintain initial 
velocity over a longer range. A spray of small droplets has therefore an impaired ability 
to penetrate into the core of the air stream. This problem is especially evident for large 
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gas turbines with large air duct geometries where the distance from the nozzle to the 
centre of the air duct is long. 

In summary, the washing of gas turbines, especially during gas turbine operation, is 
5 associated with a number of problems. 

SUMMARY OF THE INVENTION 

One objective with the invention is to provide a nozzle and a method for washing of a 
10 gas turbine during operation in an efficient and safe way. 

This and other objectives are achieved by this invention with a nozzle and a method 
which have the characteristics defined by the independent claims. The preferred 
embodiments are defined in the dependent claims, 

15 

For the purpose of clarification the use of "angle against shaft centre" or "angle against 
centre axis" means the angle between the direction of a liquid stream from a nozzle 
and a reference surface parallel with the centre axis through the nozzle body. 

20 According to the first aspect of the invention, a nozzle is disclosed for washing of a gas 
turbine unit. The nozzle is arranged for atomizing a washing fluid in the air stream of 
an air inlet duct to said gas turbine unit including a nozzle barrel which, in turn, 
includes an inlet end for inlet of said washing fluid and an outlet end for outlet of said 
washing fluid. The nozzle includes further multiple orifices at the outlet end where the 

25 orifice is arranged at a defined distance from the nozzle barrel shaft axis. 

According to a second aspect of the invention, a method is disclosed for washing of a 
gas turbine unit comprising of atomizing a wash fluid in an air intake of said gas 
turbine unit comprising of an inlet end for entering wash liquid and an exit end for 
30 releasing said wash fluid. The method is characterized by the formation of said 
atomized wash fluid by feeding said wash fluid to said orifice at nozzle exit end, 
whereof each orifice is arranged at suitable distance from the nozzle body centre axis. 



5 



WO 2005/028119 



PCT/SE2004/001370 



6 

The invention is based on the idea of increasing the local density of the ato miz ed wash 
fluid in a specified volume by feeding the wash fluid through multiple orifices of the 
nozzle barrel arranged at suitable distances from the nozzle barrel centre axis. This 
arrangement will allow an improved penetration of the spray into the air stream with 
5 maintained droplet size, or even with decreased droplet size, i.e. the nozzle according 
to the invention will allow wash fluid to be injected into the core of the air stream in 
the air duct without increasing the droplet size. Thereby will the risk for erosion 
damage on gas turbine components be reduced while a high efficiency wash will be 
obtained compared to conventional solutions. 

10 

Another advantage is that the nozzle may be equally applied to gas turbines with small 
geometries as well as gas turbines with large geometries. 

Yet another advantage is that washing of components in the gas turbine unit can be 
15 practised during gas turbine operation with significant cost savings. Another 

advantage is that the nozzle according to the invention can be used for crank washing. 

According to preferred embodiment of the invention each orifice is pointing at an angle 
towards the nozzle centre axis so that the liquid will exit the orifice towards the centre 
20 axis. Thereby will the liquid jet from an orifice be within an angle range of 0-80° and 
preferred within an angle range 10 -70°. 

By directing the orifice in a suitable angle towards the nozzle centre axis a preferred 
coverage can be obtained which means that the spray shall have a spray angle as to 
25 satisfactory wet the rotor blades and stator vanes within the segment of the 

compressor inlet where the spray will act. The condition for coverage is thereby f ulfill ed 
by selecting a nozzle with the appropriate spray angle. By directing the orifice in a 
suitable angle towards the centre axis an increased spray density can locally be 
obtained and a better penetration of the fluid into the air stream can be obtained. 

30 

The advantage by the invention is further enhanced by the spray shape shows a 
smaller projected area against the air stream compared to the spray from a 
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conventional nozzle. By the smaller projected area the spray will not that easy be 
caught by the air stream but instead penetrate better into the air stream. 

According to the preferred embodiment of the invention each of the said orifices is 
5 positioned at essentially the same distance from said centre axis and at essentially the 
same angle towards the centre axis. This design is found to be advantageous in 
increasing the local density of the spray in the desired area and thereby reduce the 
risk for erosion damage on the gas turbine components while maintaining a high 
washing efficiency. 

10 

According to an exemplified embodiment of the invention are the orifice arranged as to 
point towards the centre axis and have a common conjunction point in the range 5 - 
30 cm from said orifice. 

15 Preferably shall the liquid pressure be in the range 35 - 175 bar. 

Preferably are the orifices arranged as to. bring the liquid through the orifice at a 
velocity in the range 70 - 250 m/s. 

20 According to the preferred embodiment of the invention are the orifices of essentially 
the same design. 

According to a preferred embodiment of the invention is the orifice designed to form a 
spray with an essentially circular spray pattern, i.e. a spray with a essentially circular 
25 cross section. Alternatively may the orifice be arranged to form a spray of an 
essentially elliptical shape or an essentially rectangular shape. 

According to a preferred embodiment of the invention there are two orifices in 
connection to said outlet end of the nozzle barrel. By using two orifices somewhat 
30 apart from each other and allowing the sprays to converge at a point after completion 
of the atomization, the core of the air stream is reached. Within the volume where the 
two sprays merge, the density of the spray will double and increasing the impact force 
on the surrounding air, followed by a better penetration into the air stream, followed 
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by a more efficient wash and a reduced risk for erosion damaged on the compressor 
components as the droplets are allowed to remain small, i.e. with a diameter less than 
150 |im. 

Additional advantages with the invention will be obvious by the following detailed 
descriptions in the preferred embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The preferred embodiments of the invention will now be described in detail with 
reference to the attached drawings where: 

Fig.l shows a. part of a gas turbine and positioning of nozzles for injecting wash fluid 
into the air stream. 

Fig. 2 shows atomization of wash fluid in a nozzle. 

Fig.3 shows a conventional nozzle for injection of wash liquid into a gas turbine inlet 

Fig.4. shows the nozzle according to the invention and a first exemplary embodiment of 
the invention. 

Fig.5 shows the nozzle according to the first exemplary embodiment of the invention. 

Fig. 6 shows the nozzle according to the invention and a second exemplary embodiment 
of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

With reference to Fig. 1, a section of a gas turbine 1 and the positioning of nozzles for 
injecting of wash liquid into a compressor inlet are shown. The gas turbine comprises 
of an air intake 2 which is rotationally symmetric to axis 3. The air flow is indicated by 
arrows. Air enters radially to be rerouted and flow parallel to the machine shaft 
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through compressor 14. Compressor 14 has an inlet 4 at the leading edge of the first 
disc of stator vanes. After disc 5 with stator vanes follows a disc 6 with rotor blades, 
followed by a disk 7 with stator vanes, and so on. The air intake has an inner duct wall 
8 and an outer duct wall 9. A nozzle 10 is installed on the inner duct wall. A conduit 
1 1 connects the nozzle with a pump (not shown) which supplies the nozzle with wash 
fluid. After passing nozzle 10 the liquid atomizes and forms a spray 12. The droplets 
are carried with the air stream to compressor inlet 4. Alternatively, nozzle 13 is 
installed on the outer air duct wall 9. 

Fig.2 shows atomization of a fluid from a nozzle. A nozzle 20 with an axis 24 has an 
inlet 21 for the wash fluid and an orifice 22 where the liquid exit the nozzle. The orifice 
area and liquid pressure is adapted for a specific flow rate. Orifice 23 has a hole where 
the wash fluid flows. A nozzle for gas turbine compressor washing has an orifice area 
and a liquid pressure such as that the liquid velocity through the orifice is high, in the 
order of 100 m/s. 

The direction of flow will be direction of which the orifice is pointing. If the orifice is 
circular a spray with a circular cross section will form. The spray will propagate with 
one component in the hole's axial direction and another component in the direction 
perpendicular to the axial direction. According to Fig.2, the geometry of the spray can 
be described as a cone with base C and height B and where C is the cone's diameter. 

After the liquid has left the orifice the atomization takes place implying that the liquid 
first is fragmentized followed by a breakdown into small particles. The particles finally 
take the shape of a sphere governed by that the surface tension is minimized. At a 
distance A from the orifice 22 according to Fig.2, the atomization is essentially 
completed. A spray consisting of droplets of varying size is then formed. For a nozzle in 
this gas turbine application, operating at a liquid pressure of 70-140 bar, the distance 
A is typically 5-20 cm. At an additional distance B the droplets have continued to 
propagate but it is now greater distances between the droplets. When the distances 
between the droplets become bigger, this means that the spray density is reduced. If 
the was fluid is assumed to be water, the density before atomization takes place is 
1000 kg/m 3 . At distance B the spray is characterized as having a less density than at 
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distance A where density is defined as the number of particles by volume air locally. 
For a nozzle in this gas turbine application operating at a liquid pressure of 50-140 
bars, the density at A is typically 20 kg/m 3 . 

5 It is evident that when the droplets collide with the air molecules the velocity is 

reduced. In the context of this invention, a key issue is how far the spray penetrates 
the air before the air stream has reached the compressor inlet. A single droplet with a 
certain initial velocity will quickly loose its initial velocity and asymptotically reach zero 
velocity. The man skilled in the art can estimate the droplets velocity as a function of 
10 the distance from the orifice by the use of the balance for the aerodynamic drag force 
and the force by inertia. For the spray as a whole, it shall displace the air in its way. 
This can be seen as it has an impinging force on the air characterized by its density, 
volume flow and velocity. The impact force can be estimated as: 

15 F = dens * Q * V * Cd (equation. 1) 

where 

F = impact force 
20 dens = density 
Q = volume flow 
V= velocity 

Cd = de-acceleration coefficient 

25 The de-acceleration coefficient is estimated from the balance between the droplet 
aerodynamic drag force and the force of inertia. 

For the wash procedure according to the invention it is important that the spray well 
penetrates the air stream. This will occur with a high impinging force as per the 
30 definition above. Further, for a good wash result it is required that the spray has a 
good coverage. By coverage means that the spray shall have a spray angle to 
satisfactory cover rotor blades and stator vanes within the segment that the spray is 
acting. The condition for coverage is satisfied by a nozzle with a defined spray angle. 

10 
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The spray as per above is characterized by its impingement force being highest at the 
nozzle orifice and the decrease with the distance from the orifice. If the wash fluid is 
assumed to be water, the density is 1000 kg/m 3 . The area is estimated from the hole 
5 diameter. At each distance from the nozzle orifice the impingement force can then be 
estimated from equation 1. The increased area with the increased distance result in 
that the impingement force will asymptotically be zero. 

Fig.3 show the same spray as shown in Fig.2, where identical parts have the same 
10 reference numerals as in Fig.2. Fig.3 shows a conventional nozzle. Distance D is the 

distance the spray has penetrated the air stream before the air stream has transported 
the droplets to the compressor inlet. The condition for coverage is fulfilled by choice of 
nozzle with spray angle 34 resulting in coverage E at distance D. 

15 In the description above a spray with a circular projection is assumed. By selecting a 
nozzle with appropriate orifice geometry, an elliptic or rectangular spray is formed. In 
the art of gas turbine compressor washing non-circular sprays are used. 

With reference to Fig.4 and Fig.5, a first preferred embodiment of the invention is 
20 shown. The invention relates to a nozzle performing a spray with an increased 

impaction force. With the increased impaction force will the distance D according to 
Fig.3, increase and thereby will the earlier identified problem of penetration into the 
core of the air stream, be eliminated or partly eliminated. Fig.4 shows a nozzle 
according to the invention. A nozzle 54 includes a nozzle barrel 40 with a centre axis 
25 49 with an opening 41 for entering a washing fluid and a first orifice 42 at the outlet 
end 55 and orifice 42 has an opening 43 where washing fluid exits the nozzle. The first 
orifice 42 is positioned off side the centre axis 49 and with an angle pointing towards 
the centre axis so that the formed spray is directed to the centre axis. The spray that is 
formed is circular. The spray geometry can be described as a cone with a base line with 
30 one end 44 and another end 45 and tip 43. Nozzle 54 has a second orifice 46 at the 
outlet end 55 and orifice 46 has an opening 47 where fluid exits the nozzle. Orifice 46 
is positioned off side the centre axis 49 and with an angle pointing towards the centre 
axis so that the formed spray is directed to the centre axis. The spray that is formed is 
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circular. The spray geometry can be described as a cone with a base line in between 
one end 45 and another end 48 and tip 47. According to the preferred embodiment of 
the invention the orifices are directed at angles towards the centre axis so that the 
fluid from one orifice is preferably within the angle range 0-80° and additionally 
5 preferably within the angle range 10-70°. 

The two orifice openings have the same hole area and the alike geometry whereby the 
incoming liquid is equally distributed between the two orifice 42 and 46. The two 
orifice openings are directed towards the centre axis at a junction point 57 at distance 
10 J from the orifice openings. Distance J is within the range 5-20 cm. 

The liquid is atomized when exiting the orifice openings 43 and 47. At a distance F 
from the orifice openings the atomization is in general completed. The two sprays will 
now merge whereby a zone 53 is formed with increased density by merging of the two 
15 sprays. Zone 53 is limited by points 50, 52, 45, 51 and 50. With the increased density 
follows an increased impingement force according to equation 1 . It is the purpose of 
the invention to increase the impingement force. By a suitable nozzle spray angle and 
spray direction the requirements of coverage H at distance G is fulfilled. 

20 Fig. 5 shows the nozzle in the perspective X - X, where like parts are indicated with the 
same reference numerals as in Fig. 4. Fig. 5 shows the orientation of the orifices 42 
and 46 with respect to the direction of the air stream. The direction of the air stream is 
indicated with arrows. 

25 The effect of the invention is further improved by the fact that the spray in accordance 
with Fig. 4 discloses a projected area against the air stream that is smaller in 
comparison with the spray from a conventional nozzle. With the direction of stream in 
accordance with Fig. 5 the projected area against the air stream the area between the 
points 47, 50, 43, 52, 48, 45, 44, 51 and 47 in Fig. 4. This area should be compared 

30 with the projected area that results at use of a conventional nozzle in accordance with 
Fig. 3, where this area constitutes the area between the points 22, 31, 32 and 22. The 
area in Fig. 3 is larger than corresponding area in Fig. 4. Due to the smaller projected 
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area, the spray is not caught by the air stream that easy and thereby the spray is able 
to penetrate the air stream in a more effective manner. 

With reference now to Fig. 6, a nozzle in accordance with the present invention that 
5 exemplifies a second embodiment of the invention will be shown. Fig. 6 shows the 
nozzle in the perspective X- X, where like parts are indicated with the same reference 
numerals as in Fig. 4. As the function of this embodiment of the nozzle in accordance 
with the present invention is substantially the same as the function of the above- 
described embodiment such a description of the function is omitted here. Fig. 6 shows 

10 the orientation of the orifices 42, 46 and 60 with respect to the direction of the air 
stream. The orifice 60 has, as the orifices 42 and 46, an opening 61 where the fluid 
leaves the nozzle. The direction of the air stream is indicated with arrows. The third 
orifice 60 is mounted at the side of the axis centre at the same distance from the axis 
centre 49 and at the same angle as the orifices 42 and 46 such that the formed spray 

15 is directed against the axis centre in a corresponding manner as in the above- 
discussed embodiment. 

Even if the presently preferred embodiments of the invention has been described, it is 
from the above description obvious for the man skilled within the art that variations of 
20 the present embodiments can be realized without departing from the scope of the 
principles of the invention. 

Thus, the intention is not that the invention should be limited only to the structural 
and functional elements described with reference to the embodiments but only by the 
25 appended patent claims. 
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